Abstract: Phytoplankton interactions with iron (Fe) were examined in surface waters of Lake Erie during summer thermal stratification. Lake-wide sampling in June and September 2005 was conducted using a continuous surface water sampler (1 m sampling depth) and in July at 18 hydrographic stations (5 m sampling depth). In situ measurements of photosynthetic efficiency (maximum quantum yield of photosystem II) and phytoplankton community composition were measured using fast repetition rate fluorometry and a phytoplankton pigment-specific fluorometer, respectively, during June and September. High ratios (73%-85%) of intracellular Fe to particulate Fe coincident with increases in chlorophyll a (Chl a) concentrations in the western and central basins in June and July imply that the majority of Fe in these regions was associated with intracellular pools. Correlations between intracellular Fe and Chl a were frequently observed when Heterokontophyta and Pyrrophyta dominated the phytoplankton community. Assimilation of Fe by the phytoplankton strongly influenced its partitioning between the dissolved and particulate phase. Dissolved iron (<0.45 µm) concentrations were proportional to Chl a concentrations and both dissolved iron and Chl a were inversely proportional to nitrate concentrations in July and September, suggesting that dissolved iron influenced both nitrate drawdown and Chl a concentrations in Lake Erie surface waters in summer.
Introduction
Iron (Fe) is a key nutritional element to phytoplankton since it is an obligatory requirement for nitrogen assimilation (Raven 1988; Paerl and Zehr 2000) , chlorophyll synthesis (Spiller et al. 1982) , and photosynthetic and respiratory electron transport (Geider and La Roche 1994) . While Fe is generally not thought to limit primary production in freshwater systems because of high allochthonous inputs, seasonal mixing, and high sediment to water column ratios, the use of trace metal clean techniques reveal that concentrations of dissolved trace metals in the Laurentian Great Lakes, including Fe, are much lower than previously perceived (Twiss 2008) . Indeed, sole Fe enrichment to lake water samples has occasionally resulted in stimulated phytoplankton biomass in African Great Lakes (Guildford et al. 2003) and Lake Erie (Twiss et al. 2000) .
Previous investigations have shed light on the interactions of macronutrients, micronutrients, and primary productivity at distinct locations in the Laurentian Great Lakes (Twiss et al. 2000 Sterner et al. 2004 ). In particular, Fe enrichment of water samples from eastern Lake Erie relieved Nlimitation in the phytoplankton community, the alleviation of which invoked P-limitation in the phytoplankton community signifying Fe as a co-limiter of primary production in this area (North et al. 2007 ). The present study is designed to complement results from bottle assay experiments designed to assess Fe demands by phytoplankton (Twiss et al. 2000; North et al. 2007) , wherein physical constraints imposed include a reduction of turbulence, isolation from nutrient resupply and grazing, negation of vertical mixing, and altered light regimes (Banse 1991; Carpenter 1996) .
Given the results from these Fe enrichment bioassays conducted using bottle assays on water collected using trace metal clean techniques, correlations between the ambient Fe and nitrate concentrations and phytoplankton biomass in the surface waters of Lake Erie are expected since ambient ammonium and nitrite concentrations are too low to support the observed phytoplankton biomass (North et al. 2007 ). More specifically, the availability of sufficient Fe would allow phytoplankton to assimilate nitrate, thereby lowering ambient nitrate concentrations and accordingly stimulate phytoplankton biomass during the period of summer phytoplankton growth if adequate phosphorus is available. Therefore, we hypothesized that dissolved concentrations of Fe are inversely proportional to nitrate. As a corollary to this hypothesis, we tested the hypothesis that concentrations of chlorophyll a (Chl a) in surface waters are inversely proportional to nitrate concentrations, since increases in the pigment would result from the assimilation of nitrate (facilitated by Fe assimilation) and its concomitant support of photoautotrophic biomass production.
For Fe to influence phytoplankton nutrition it must react with the cell surface of the phytoplankton in a process termed scavenging, the sorption of particle-reactive trace metals to sedimenting particles. Since Fe is highly reactive to phytoplankton (Fisher 1986 ) and phytoplankton are abundant particles in the surface water of large lakes that comprise an important metal-scavenging phase (Stumm and Schnoor 1995) , it follows that phytoplankton will influence partitioning of Fe between dissolved and particulate phases in the surface waters of Lake Erie.
Additionally, we investigated whether these correlations were influenced by the composition of the phytoplankton community, as different algal species have different nutrient requirements. Given the role of Fe in photosynthetic electron transport (Geider and La Roche 1994) and photosynthetic efficiency in Fe-limited marine areas (e.g., McKay et al. 1999) , we also hypothesized that intracellular Fe content would correlate positively with measures of photosynthetic quantum efficiency in Lake Erie.
We tested these hypotheses by analyzing correlations among Fe partitioning between particulate and soluble phases, nitrate concentrations, phytoplankton abundance, photosynthetic efficiency, and community composition throughout Lake Erie (25 700 km 2 ) at a high spatial and temporal resolution during the summer months. Evaluating these in situ observations over a large spatial range within a short time frame (e.g., 5 days) is important because nutrient inputs, mixing, and removal processes in lakes may occur over compressed time scales and distances (Murray 1987 ) compared with oceanic systems. This information is needed to better understand the role that Fe and nitrate have in determining the phytoplankton biomass, biodiversity, and physiology at the scale of Lake Erie during the summer months and, by extension, other large lakes.
Materials and methods

Sampling
All sampling and analyses in this study were conducted using a trace metal clean protocol. All materials used were composed of polycarbonate, polyethylene, or Teflon soaked in 0.5% HCl overnight and rinsed seven times in deionized water (Milli-Q Gradient, purity >18 Mohms·cm -1 ; Millipore). In general, water samples were collected using a pumping system consisting of a polyethylene coated Teflon tube suspended at depth using a line (Kevlar) weighted with a Teflon-coated stainless steel weight. A Teflon doublediaphragm pneumatic pump (Husky model No. 307) was used to draw water directly into a HEPA laminar flow hood. Lake water was pumped from depth for at least 20 min prior to sample collection to ensure the system was appropriately flushed. Similar trace metal clean procedures were employed in previous investigations to evaluate trace metal -phytoplankton interactions (Sterner et al. 2004; Twiss et al. 2005) .
Water samples were collected from a depth of 1 m during transit of the R/V Peter Wise Lake Guardian (8-12 June and 7-10 September 2005) or at a depth of 5 m at fixed stations (11-14 July 2005) from the C.C.G.S. Limnos. For sampling onboard the R/V Lake Guardian, surface water was collected by towing a weighted polyethylene-coated Teflon tube suspended from a metal arm approximately 3 m away from the port side of the ship, outside of the ship wake, as the ship steamed at an average speed of 8 (June) or 11 (September) knots (1 knot = 1.85 km·h -1 ), thereby covering an approximate distance of 900 km on each cruise (Fig. 1) . The surface water was pumped continuously along transects between stations and directed to electronic water quality sensors (see below) or to acid-cleaned polypropylene taps to provide both whole and filtered (via an acid-cleaned 0.45 µm pore-size polycarbonate filter cartridge, Millipore) water within a HEPA laminar flow hood. Filtered water was stored at 4°C in double-bagged, sealed polyethylene bottles (Nalgene) prior to analysis in the laboratory. Whole water was processed on-board for the determination of chlorophyll a (Chl a), particulate iron (Fe part ), and intracellular iron (Fe int ). Samples to determine Fe part and Fe int were collected by filtering whole water onto 0.4 µm pore-size acid-cleaned polycarbonate filters (Millipore) using a syringe filtration system (Swinex). Additional whole water samples were collected in July and stored at 4°C in sealed borosilicate glass vials for total phosphorus analysis to be conducted at a later date in the laboratory. All samples collected in June and September were time stamped to correlate with measurements obtained from sensors.
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Chemical analyses
Chl a was analyzed from seston retained on 0.2 µm pore size, 47 mm diameter polycarbonate membrane filters (Millipore) and extracted in 90% acetone in the dark at 4°C for 16-24 h and analyzed fluorometrically (TD-700 fluorometer Turner Designs, Sunnyvale, California) using the Welschmeyer technique (Welschmeyer 1994) . Seston on filters was not frozen prior to analysis on board the ship.
Intracellular and surface-adsorbed Fe of retained seston >0.4 µm was differentiated by gentle filtration (<13 kPa) and a 20 min contact with an oxalate mixture of reagents (10 -4 mol·L -1 oxalic acid dihydrate, 5 × 10 -3 mol·L -1 EDTA, 5 × 10 -3 mol·L -1 citric acid) at pH 7, followed by a rinse with trace metal free Fraquil media (Andersen et al. 2005 ). The oxalate mixture was modified from Tovar-Sanchez et al. (2003) to satisfy freshwater ionic strength and avoid deleterious effects on phytoplankton (EDTA and citric acid reduced to 5 × 10 -3 mol·L -1 ). Method efficiency was verified by 55 Fe uptake experiments (Perkin Elmer) conducted in the laboratory prior to field use with cultured cyanobacteria and natural phytoplankton collected from Lake Champlain (Hassler and Schoemann 2009) . Sample collection of Fe part and Fe int were randomly conducted in triplicate to ensure field reproducibility and were reproduced at an average coefficient of variance of 7.1% and 8.6%, respectively.
Filters and retained seston from Fe part and Fe int samples were digested in 1 mL concentrated trace metal clean HNO 3 (Baseline; Seastar, Sydney, British Columbia) for 2 to 3 days at 20°C. Dissolved iron (Fe diss ) samples were acidified with trace metal clean HNO 3 to pH < 2.0 and stored at 4°C for at least 1 month prior to analysis. Fe part , Fe int , and Fe diss concentrations were measured using a graphite furnace atomic absorption spectrophotometer (Perkin Elmer AAnalyst 600) in the presence of Mg(NO 3 ) 2 matrix modifier (15 µg) that had been passed through an ion-exchange resin (Chelex-100; BioRad, Hercules, California) to remove metallic impurities. Accuracy was assured using SLRS-4 certified standard freshwater reference solution (National Research Council of Canada). The detection limit (DL) for Fe concentration using our method was estimated to be 0.67 nmol Fe·L -1 . Filtered (0.45 µm) water samples were analyzed for nitrate (NO 3 -) by ion chromatography using a Dionex DX500 chromatograph, with a DL of 0.36 µmol·L -1 . Total phosphorus was measured colorimetrically (10 cm pathlength cell) following persulfate digestion (Wetzel and Likens 2000) .
Water quality sensors
Conductivity and temperature profiles were collected at fixed stations using a submersible conductivity-temperaturedepth (CTD) probe (Sea-Bird Electronics, Bellevue, Washington, USA). In addition, a variety of electronic water quality sensors were arranged to make continuous measurements of water collected during transit of the ship across Lake Erie in June and September. Real-time measurements of maximum quantum yield of photosystem II (Fv/Fm) using a fast repetition rate fluorometer (FRRF; Mk I, Chelsea Instruments; Suzuki et al. 2002) and phytoplankton community composition using a FluoroProbe (serial no. TS-12-03; bbe Moldeanke, GmbH) used yellow substances from Lake Erie surface water (filtered through a 0.4 µm pore sized cartridge filter) to correct for background fluorescence not attributable to phytoplankton (Twiss 2011) . A ferry box was used to collect water and integrate water samples for analysis by sensors; the residence time of collected water in the ferry box (0.9 min) was maintained at a spatial resolution of 0.3 km at the sampling velocity of 8-11 knots by adjusting the pumping rate. The FRRF was calibrated to account for instrument noise and background fluorescence caused by chromophoric dissolved (<0.2 µm) organic matter in Lake Erie water. Results of real-time measurements were averaged over a 5 min window, with the discrete water sampling being in the middle of this time period. Measurements of photosynthetic efficiency (Fv/Fm) exhibit diel periodicity (DiTullio et al. 2005) and thus daytime and nighttime samples were treated separately. The FluoroProbe delineates the phytoplankton pigments into four groups: (1) Chlorophyta and Euglenophyta, (2) phycocyanin (PC)-rich Cyanobacteria, (3) Heterokontophyta and Pyrrophyta, and (4) Cryptophyta and phycoerythrin (PE)-rich Cyanobacteria (Beutler et al. 2002 (Beutler et al. , 2003 . A linear least squares regression of the Chl a measured by the FluoroProbe versus Chl a measured by acetone extraction of filtered phytoplankton was 0.84 and significant (p < 0.0001). Community dominance was assumed when the phytoplankton groups, as defined by the FluoroProbe, comprised ≥60% of the phytoplankton community composition.
Statistical analyses
Linear and nonlinear regressions were used to evaluate the statistical significance (p < 0.05) of correlations among variables. Temporal variation in Fe concentrations was determined by one-way analysis of variance (ANOVA).
Results
The surface waters of Lake Erie were quiescent during the cruises. Median wave heights (m) in the western basin measured at Station 45005 at 41.68°N, 82.40°W during the cruises were 0.00, 0.17, and 0.27 m in June, July, and September, respectively; preceding median wave heights (m) for the week prior to the cruises were 0.19, 0.32, and 0.37 m for June, July, and September, respectively (NOAA National Data Buoy Center, http://www.ndbc.noaa.gov).
Thermal stratification was present in all basins in June, in the central and eastern basins in July, and predominantly throughout the basins in September as evidenced by temperature-depth profiles conducted at various stations in these basins (data not shown). Temperature-depth profiles conducted at western basin stations in July revealed very shallow and warm hypolimnia (>23°C; data not shown), suggesting polymictic conditions resulting from repeated establishment and decay of a thermocline due to wind action.
Temporal variation of Fe diss concentrations (ANOVA; p < 0.05) was observed in the surface waters during the period of summer stratification (Fig. 2, Table 1 ). Dissolved Fe concentrations were found in the range of <DL to >10 nmol·L -1 in June and September, whereas most Fe was less than 5 nmol·L -1 in July (Fig. 2) . Concentrations of Fe diss > 5 nmol·L -1 observed in July were restricted to samples collected in the western basin. The western basin had the highest total phosphorus concentrations across the lake (Table 1) in July. It is important to note that although samples in June and September were collected from a 1 m depth and those collected in July were from a 5 m depth, they were all from the surface mixed layer.
Most of the iron in the surface waters of Lake Erie was associated with particles larger than 0.4 µm (94.1% ± 4.2%, 99.1% ± 2.1%, and 97.6% ± 1.9% for June, July, and September, respectively) and was predominantly Fe int (on average 83.9% ± 17.3%, 72.9% ± 18.2%, and 84.9% ± 8.9% of Fe part in June, July, and September, respectively). Only one of 15 samples in June and one of 13 samples in July possessed a ratio of Fe int to Fe part below 50% (29% and 24%, respectively). All the samples collected in September (n = 17) had a ratio of Fe int to Fe part above 67%.
In the western basin in July, measures of Fe diss correlated with Chl a concentrations (Fig. 3b) and with Fe int per unit Chl a (Fe int :Chl a; Fig. 3c ). Nitrate concentrations were negatively correlated with Fe diss concentrations (Fig. 3a) , Chl a concentrations (Fig. 3d) , and Fe int :Chl a ratios (Fig. 3e) . Similarly, both Fe diss and Chl a were negatively correlated with NO 3
-(Figs. 4a and 4b, respectively), and Fe diss was correlated with Chl a (Fig. 4c ) in samples collected throughout the lake in September, although not as strongly as in June (Fig. 3b) .
Among the phytoplankton groups differentiated by the FluoroProbe, increases in Chl a corresponded with decreases in NO 3 -and was statistically significant only in samples where Heterokontophyta and Pyrrophyta dominated (Fig. 5a) . Among other phytoplankton groups, the only other statistically significant relationship between Fe diss and Fe int :Chl a was in samples dominated by Cryptophytes and PE-rich Cyanobacteria (Fig. 5d) . The relationships among Fe diss , NO 3 -, and Chl a associated with PC-rich Cyanobacteria were unable to be resolved in this study because of the limited number of samples wherein community composition was dominated by PC-rich Cyanobacteria. The Chlorophyta and Euglenophyta group ranged from 0% to 39% of the in situ Chl a measured by the FluoroProbe but never dominated the phytoplankton community in Lake Erie. Although a taxonomic analysis of lake water by microscopy was not conducted as part of this study, microscopic analysis of Lake Ontario water in summer confirmed the groupings assigned by a FluoroProbe using factory settings, as used in this study (M.R. Twiss, C. Ulrich, A. Zastepa, and F.R. Pick, unpublished data).
A correspondence between community composition and Fe int :Chl a was observed (Fig. 5c) . In September, the group of cryptophytes and PE-rich Cyanobacteria only dominated in samples with Fe int :Chl a ratios less than 41 nmol·µg -1 , whereas samples with Fe int :Chl a ratios greater than 57 nmol·µg -1 were dominated by Heterokontophyta and Pyrrophyta (n = 5) or PC-rich Cyanobacteria (n = 1, Fig. 5c June all contained Fe int :Chl a ratios greater than 43 nmol·µg -1 ; cryptophytes and PE-rich Cyanobacteria were not dominant in any of the June samples (data not shown). Ratios of Fe int :Chl a were nonlinearly correlated, based on a two-parameter simple exponent rise to maximum equation, with Fv/Fm in September (Fig. 6 ) regardless of phytoplankton dominance. Fv/Fm measures reached a plateau at about 0.45, which corresponded with Fe int :Chl a ratios above 57 nmol·µg -1 . Fe int :Chl a ratios below 57 nmol·µg -1 were responsible for 76% of the variation in Fv/Fm measurements (Fig. 6) . Fv/Fm measured during the June and September sampling campaigns did not exceed 0.56 and 0.52, respectively (Table 1) .
Discussion
This study reveals a strong relationship between iron partitioning between the dissolved and particulate phases and phytoplankton abundance and composition in the surface waters of Lake Erie during the summer period of thermal stratification. Bioavailability of Fe to freshwater phytoplankton is a function of both the total Fe concentration in the water as well as the type, concentration, and strength of organic ligands present (Hassler and Twiss 2006) . In this study we simply infer the magnitude of Fe bioavailability from the total dissolved Fe concentration, which was logistically more feasible than more refined methods, such as the use of Fedependent bioreporters to assess Fe bioavailability ). In Lake Erie surface waters during the summer 2005, the majority of Fe was partitioned within biomass and a spatial and intraseasonal correlation among Fe diss , nitrate drawdown, and Chl a concentration was observed, although the strength of the correlations varied with basin and month, wherein Fe availability influenced Chl a concentrations by enhancing the ability of the phytoplankton to assimilate nitrate in the western basin in July and in the western and eastern basins in September.
Spatial and temporal heterogeneity of Fe diss concentrations in Lake Erie have been documented in previous investigations (Nriagu et al. 1996; Porta et al. 2005) , and the ranges of Fe diss observed in this study are similar to those witnessed by previous investigators using trace metal clean techniques (2-15 nmol·L -1 , Nriagu et al. 1996; 3-34 tions of Fe diss within the western basin were likely due to its shallow depth and resuspension of sediments (Nriagu et al. 1996) , which causes higher Fe concentrations in the west basin compared with other basins in Lake Erie (Porta et al. 2005) . Fluvial inflow from the Maumee River may also partially explain the elevated Fe diss concentrations in the west basin of Lake Erie in July.
The majority of Fe in the particulate fraction was intracellular rather than surface-adsorbed. It is possible that some crystalline forms of iron oxides (e.g., lepidocrocites, goethite, hematite, etc.) or Fe bound in lattice positions in aluminosilicates were not removed by the oxalate wash, which may have resulted in the overestimations of intracellular Fe in this study (Tang and Morel 2006; Hassler and Schoemann 2009) . However, the similarity of our results to those witnessed in Lake Kinneret, wherein 70%-89% of total Fe was intracellular (Shaked et al. 2004) , suggest that the measures of intracellular Fe in this study are accurate.
Intracellular Fe is important because it provides an estimate of the amount of Fe assimilated per unit of chlorophyll. Since Fe is essential to photosynthesis, the ratio of Fe:Chl a in seston can be used to infer the influence of Fe on the photosynthetic capacity of phytoplankton that comprise a large component of the seston in Lake Erie pelagic surface waters in summer. A caveat to this inference is that some phytoplankton undergo chlorosis under low Fe stress (Wilhelm 1995) and that adaptation by marine phytoplankton (e.g., reducing Fe:C ratios) has been observed in response to low Fe stress . Photochemical quantum yield appears influenced by intracellular Fe at concentrations (Fe int : Chl a) below 57 nmol·µg -1 , wherein 76% of the variations in Fv/Fm measures are explained by Fe int :Chl a concentrations. Given this relationship, intracellular Fe is likely limiting photosynthesis at Fe int :Chl a concentrations below 57 nmol·µg -1 . Indeed, previous studies have shown that Fe limitation can result in lower Fv/Fm (McKay et al. 1999) , where Fe-limited phytoplankton community had a Fv/Fm of 0.3. At low Fe int : Chl a ratio, the cryptophytes and PE-rich Cyanobacteria dominated the surface water phytoplankton community. Unfortunately, the FluoroProbe cannot distinguish between these two groups, so we cannot claim that the group was dominated by PE-rich Cyanobacteria that were expressing siderophores, although that is an attractive speculation. Nitrogen and Fe limitation compromises the photosynthetic apparatus and results in a major reduction in the maximum photosystem II quantum yield (Young and Beardall 2005) . In fact, it has even been suggested that nitrogen and Fe limitation more severely affects quantum efficiency of photosystem II than does phosphorus limitation (Laroche et al. 1993) . Declines in ferredoxin and losses of photosystem II reaction centers in response to Fe deficiency has been shown to reduce photosynthetic efficiency in cyanobacteria (Guikema and Sherman 1983) , chlorophytes (Rueler and Ades 1987; Greene et al. 1992) , and diatoms (Rueler and Ades 1987; et al. 1999; Greene et al. 1992) , all of which were present at some point of this investigation in the surface waters of Lake Erie. Cyanobacteria are also known to have lower Fv/Fm than eukaryotic phytoplankton when observed with the blue actinic light used with the FRRF employed here (Suggett et al. 2009 ).
McKay
Above the 57 nmol·µg -1 Fe int :Chl a threshold concentration, photosynthetic efficiency plateaus and is likely near its maximum (0.45 to 0.52) in the natural environment. The theoretical maximum of photosystem II quantum yield under nutrient-replete conditions, determined by controlled laboratory experiments, is 0.65 (Kolber and Falkowski 1993) . The Fv/Fm field maxima in this study in June and September were 0.52 and 0.56, respectively, which is similar to the in situ Fv/Fm maxima witnessed by other investigators in Lake Ontario (0.49, Pemberton et al. 2007 ).
In the western basin in July, the availability of an Fe source (i.e., Fe diss ) related to the amount of Fe that was assimilated by the phytoplankton (i.e., Fe int :Chl a), which in turn related to the concentrations of NO 3 -in the surface waters. Moreover, Fe diss was correlated with Chl a, and both Fe diss and Chl a were negatively correlated with NO 3 -concentrations in July and September. These results reveal that the assimilation of NO 3 -by the phytoplankton was enhanced by the presence of Fe; a co-limitation of Fe and NO 3 -and P by phytoplankton in the east basin of Lake Erie in summer has been established previously (North et al. 2007) . Two hypotheses are proposed to explain this phenomenon: (i) Fe availability stimulated the growth of Fe-limited phytoplankton, the abundance of which resulted in enhanced NO 3 -assimilation; and (ii) the increased intracellular Fe content of the phytoplankton, as a result of the availability of an Fe source, enhanced the ability of each phytoplankton cell to assimilate NO 3 -, thereby drawing down NO 3 -concentrations (it follows that ambient phosphorus was available for the phytoplankton). Various enrichment experiments conducted with samples from several of the Laurentian Great Lakes reveal that the combined enrichment of Fe and P or N resulted in greater phytoplankton abundance than P and (or) N alone (Lake Huron: Lin and Schelske 1981; Lake Erie: Twiss et al. 2000 Twiss et al. , 2005 North et al. 2007 ; Lake Superior : Sterner et al. 2004 ) and thus corroborate the former hypothesis. The latter hypothesis, however, is substantiated by experiments conducted on marine samples, wherein Fe enrichment resulted in enhanced nitrate reductase activity (Martin and Fitzwater 1988; Timmermans et al. 1994 ), nitrate uptake rates Kudo et al. 2005) , and occasionally a complete drawdown of nitrate by the phytoplankton (Martin and Fitzwater 1988) . It is possible that these two processes occurred in concert; Fe may have stimulated phytoplankton abundance as well as the ability of each phytoplankton cell to assimilate nitrate (C. Law, National Institute of Water and Atmospheric Research, Wellington, New Zealand, personal communication). In any case, the availability of an Fe source enhanced the drawdown of NO 3 -in the surface water of Lake Erie in July and September.
The elevated nitrate concentrations (>5.3 µmol·L -1 ), and apparent low intracellular Fe concentrations in samples dominated by cryptophytes and PE-rich Cyanobacteria, relative to Heterokontophyta and Pyrrophyta, suggest that this phytoplankton taxonomic grouping probably did not play a substantial role in the drawdown of nitrate in the surface waters of Lake Erie during the summer months. Observations of nitrogen availability and uptake in relation to community composition in the Gulf of Rega (Baltic Sea) reveal that diatoms (Heterokontophyta) were associated with the uptake of nitrate, whereas cryptophytes (Cryptophyta) were associated with uptake of reduced nitrogen forms (ammonium, urea, dissolved free amino acids, and adenine; Berg et al. 2003) . It is possible that the Cryptophyta and PE-rich Cyanobacteria group had a diminished biological requirement or ability to assimilate nitrate, relative to the Heterokontophyta and Pyrrophyta group, at the ambient Fe concentrations in the surface waters of Lake Erie as well. Cryptophytes are capable of phagocytosis and could obtain trace metals from food items, which has been demonstrated to occur in Lake Erie surface waters (Twiss et al. 1996) . If PE-rich cyanobacteria select more reduced forms of nitrogen, then a higher cellular Fe quota would not be necessary
The role of Fe in nitrate assimilation by phytoplankton has been investigated using trace metal clean techniques in other Great Lakes. In Lake Superior, bottle assays were used to illustrate a biotic need for Fe in waters containing 6.5 ± 5.5 nmol Fe·L -1 (mean ± standard deviation, n = 7); they demonstrated that low Fe concentrations were a limiting factor to the assimilation of nitrate by plankton (Ivanikova et al. 2007) . In offshore waters of Lakes Malawi and Tanganyika, where total dissolved Fe was 3.9 and 4.4 nmol·L -1 , respectively, bottle assays showed phytoplankton co-limitation of P, N, and Fe (North et al. 2008) . These experiments have the limitations of potential artifacts caused by bottle assays, yet the conclusions provided by the investigative surveys in the present study support these other findings.
In conclusion, this lake-wide survey over 3 months during the period of summer thermal stratification in 2005 has shown that dissolved Fe concentrations were proportional to Chl a concentrations, and both dissolved Fe and Chl a were inversely proportional to nitrate concentrations in July and September, suggesting that dissolved Fe influenced both nitrate drawdown and Chl a concentrations. The data presented here are consistent with the results of enrichment experiments conducted in the eastern basin of Lake Erie that revealed the presence of P, Fe, and N co-limitation of phytoplankton in offshore surface waters (North et al. 2007 ).
